The phenomenon of mass mortality of larval mud crab Scylla serrata is described during the metamorphosis to megalops due to abnormal molting by morphologically advanced last stage zoeas (fifth stage) in the seed production. Seven seed production trials were carried out using 100 kL concrete tanks. The larvae were reared on rotifers and after the third or fourth zoeal stage with Artemia nauplii. Minced mysid was also given from the megalopal stage. The seven trials were based on the addition of different concentrations of the marine phytoplankton Nannochloropsis or of the freshwater Chlorella to the larval rearing water. The survival rate, morphological features of the fifth stage zoeas, and frequency of abnormal molting during the metamorphosis to megalops were examined. The mass mortality occurred during the metamorphosis to megalops in tanks containing high concentrations of Nannochloropsis. The fifth stage zoeas in these tanks were equipped with some advanced morphological features similar to those of megalops, such as, long endopods of the second antennae, large chelipeds and pleopods with plumose setae. The frequency of abnormal molting tended to increase depending on the degree of megalopal features in the fifth zoeal stage. We propose that zoeal morphogenesis is accelerated by the nutritional conditions of zoeas due to the supplementary effect of Nannochloropsis, which contains eicosapentaenoic acid; an essential fatty acid for larval mud crab.
INTRODUCTION
The mud crab Scylla serrata is found throughout the tropical to warm temperate zone of the Pacific and Indian Oceans. 1 In Japan, this crab is an important local fishery resource and has been selected as one of the target species for stock enhancement programs through the production and release of seed. 2, 3 In many Asian countries this species has been farmed and there has been a great need to develop hatchery technology for mass seed production. 1 Hatchery technology of S. serrata has been studied in several countries, however, mass culture techniques for larval S. serrata have not been fully developed. 1, 3 Yaeyama Station of the Japan Sea-Farming Association (JASFA) has been studying mass seed production technology for this species since 1985, but has had little success due to mass mortality during the zoeal and megalopal stages.
Newly hatched zoeas of brachyuran crabs have a well-developed carapace and abdomen. 4 They have two pairs of maxillipeds as swimming organs and the rudiments of organs, such as, the endopods of the second antennae, third maxillipeds, pereopods and pleopods, which progressively develop during the zoeal stages. After metamorphosis to the megalops, the endopods of the second antennae elongate as sensory organs and the three pairs of maxillipeds function as mouthparts. In addition, the pereopods fully develop as chelipeds and walking legs, and the pleopods under the abdomen bear the plumose setae and function as swimming organs in the megalopal stage. We observed that the larvae in the last zoeal stage (fifth stage) that had advanced morphological features similar to those of megalops (e.g. long endopods of the second antennae, large rudimentary chelipeds and pleopods with plumose setae) were unable to undergo normal metamorphosis to megalops and mass mortality occurred in the seed production of S. serrata at the Yaeyama Station of JASFA.
In this study, we examined the relationship between the morphological features of the last stage zoeas and the phenomenon of mass mortality during the metamorphosis to the megalops in the seed production of mud crab S. serrata.
MATERIALS AND METHODS

Seed production methods
Broodstock and hatching
All female crabs used in this study were identified as S. serrata according to Keenan et al. and Keenan. 5, 6 Mature females that had copulated in the wild were held in a 5 kL rectangular fiberglass tank with a flow-through water system and the bottom covered with fine sand at the Yaeyama Station of JASFA in Ishigaki Island, Okinawa Prefecture, Japan. The females were fed with shortnecked clams every day. After spawning, ovigerous females were reared individually in a 50 L small tank. One day before hatching, ovigerous females were transferred into the 1 kL cylindrical polyethylene hatching tank with still water and gentle aeration. Hatching usually occurs in the early morning.
Larval rearing
Seed production trials were conducted in 1998 using a 100 kL concrete tank at Yaeyama Station.
The feeding schedule and some of the larval rearing conditions are shown in Table 1 . The indoor seed production tanks were equipped with a flowthrough water system and aeration. Water temperature was regulated at 28-30°C with a heating system. Salinity was maintained at 33-35 psu and 24 psu during the zoeal and megalopal stages, respectively. Seven trials of seed production were carried out and newly hatched zoeas from the same female were used in trial numbers 1, 2 [ovigerous female 193 mm in carapace width (CW); hatched 2/5/98] and also in trial numbers 3-5 (179 mm CW; 1/6/98), and trial numbers 6, 7 (178 mm CW; 22/6/98). The number of newly hatched zoeas stocked in each tank ranged from 1.2 to 2.3 million ( Table 2 ). The zoeas were reared with rotifer Brachionus rotundiformis cultured on commercially produced freshwater Chlorella (Chlorella Kogyo, Tokyo, Japan). After the third zoeal stage (trials [3] [4] [5] or fourth zoeal stage (other trials) the larvae were reared with Artemia nauplii (Utah strain, Shin-Towa Koeki, Kobe, Japan). Minced mysid was also given from the megalopal stage. Cultured marine phytoplankton Nannochloropsis sp. and the commercially produced freshwater Chlorella were added to the seed production tanks during zoeal stages as shown in Table 2 . The zoeas were treated with sodium nifurstyrenate (Ueno Fine Chemicals, Osaka, Japan) at a concentration of 2 p.p.m. at each stage until the fifth zoeal stage to prevent bacterial disease (Hamasaki K, unpubl. data, 2000) .
Rotifer enrichment
For one day before being fed to the zoeas, the rotifers were enriched with a commercial enrichment material (Kirin Brewery, Tokyo, Japan), which is beer yeast fortified with n-3 highly unsaturated fatty acids [n-3HUFA; mainly EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid)]. Eicosapentaenoic acid and DHA have been * Artemia was supplied from Z3 in trial numbers 3-5 and from Z4 in the other trials. See Table 2 for details of the trials.
production trial. The survival rate was calculated by combining trial 1 with trial 2 after the megalopal stage. Samples of larvae that molted to the fifth zoeal stage were fixed with 5% neutral formalin for one day and then preserved in 70% ethanol. The lengths of endopods of the second antennae, chelae and third pleopods of 10 individuals of the fifth zoeal stage were measured under a microscope and the percent ratio of each measurement to the carapace length was calculated (Fig. 1) . The external morphology of > 100 specimens that molted to the megalopal stage was observed under a microscope.
Statistical analysis
Differences between the values of body measurements of fifth stage zoeas were compared with the reported as essential fatty acids for some marine organisms. [7] [8] [9] The beer yeast was added to the 1 kL rotifer enrichment tank (1000-1500 rotifers/mL) three times per day at a level of 0.15 g/L.
Biological measurements
Larval survival rate was estimated by the volumetric method until the megalopal stage according to the method described by Mizukure. 10 The survival rate was estimated after dusk on the first day of each zoeal stage and during the daytime on the third day of the megalopal stage when the survival rate became stable. In the first crab stage, the juveniles were harvested and counted by the method described by Kiyota. 11 In trial 2, megalops were harvested and transferred into the tank used for trial 1 because we had to use the tank for the other seed Kruskal-Wallis test and post-hoc test (Scheffé's test) at a 5% significance level. Coefficient of determination was calculated to judge the correlation between two variables.
RESULTS
Morphological features of fifth stage zoeas
The fifth stage zoeas and their second antennae, chelipeds, and third pleopods are shown in Fig. 1 . The fifth stage zoeas that had morphological features similar to megalops, such as, long endopods of the second antennae (Fig. 1f) , large chelipeds (Fig. 1g) and pleopods with plumose setae (Fig. 1h) were found in some trials (Fig. 1) . Carapace length and the relative lengths of the chelae, antennal endopods and pleopods to the carapace length were significantly greater in the trials (numbers 1-5) with large amounts of Nannochloropsis (Table 3) .
Molting patterns of megalops
The molting patterns to the megalops could be classified into four types according to the degree of abnormality (Fig. 2) . Type A, serious abnormality (larva has not shed its exuvia completely and died during molting); type B, partial abnormality (larva has shed its exuvia but was unable to shed the integument of the chelipeds or walking legs or both); type C, slight abnormality (larva has shed its exuvia except for the integument of one cheliped); type D, normal (larva has shed its exuvia com- Chela, second antennal endopod and pleopod lengths are expressed as the percent ratio to the carapace length. Values in the same column with different superscripts are significant different (P < 0.05).
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Fig. 2
Photograph showing the molting patterns during the metamorphosis to megalops in the seed production of Scylla serrata. All photos are based on preserved specimens. Type A, serious abnormality (larva has not shed its exuvia completely and died during molting); type B, partial abnormality (larva has shed its exuvia but was unable to shed the integument of the chelipeds or walking legs or both); type C, slight abnormality (larva has shed its exuvia except for the integument of one cheliped); type D, normal (larva has shed its exuvia completely). Ca, carapace; ch, cheliped; ex, exuvia of fifth stage zoea. Scale bar = 1 mm.
from the first to the fifth zoeal stages in spite of the low frequency of abnormal molting (Tables 2,4 ). This phenomenon may be explained by the high frequency of cannibalism that occurred when megalops that molted one day earlier grasped and fed on the remaining fifth stage zoeas (Hamasaki K, pers. obs., 1998).
The fifth stage zoeas that had strong megalopal features showed a greater tendency to fail in molting and die during the metamorphosis to megalops (Figs 1-3) . Advanced morphogenesis in the last stage zoeas as shown in this study is known for a few species. Matsuo described such morphology in reared last stage zoeas of the brachyuran crab Tritodynamia horvathi, but did not refer to the metamorphosis of these larvae. 14 Kurata reported that the last stage zoeas showing the intermediate form between the normal last zoeal stage and the glaucothoe stage (equal to the megalopal stage) occurred at a rate of 2.2% and 4.7% in reared larvae of anomuran crabs Paralithodes camtschatica and P. brevipes, respectively. 15 Kurata also mentioned that the cause of accelerated morphogenesis in the last zoeal stage was not clear and that almost no zoeas with the intermediate form proceeded to the glaucothoe stage. 15 Fifth stage zoeas that show hypermorphogenesis were found in trials 1-5 with large amounts of Nannochloropsis (Tables 2,3) . A pletely). Megalops that had molted abnormally were observed at a high frequency in trials 1-5 (Table 4) .
Survival rate
The survival rate from the fifth zoeal to the megalopal stage was clearly lower than that from the first to fifth zoeal stages in each trial (Table 2 ). In trials 1-5, mass mortalities due to abnormal molting were recognized during the metamorphosis to megalops and the survival rates from the fifth zoeal to the megalopal stage were lower than the rates in trials 6 and 7 (Table 2) .
Relationship between megalopal features of fifth stage zoeas and molting patterns of megalops
The frequency of abnormal molting is plotted against the relative chela length of fifth stage zoeas to the carapace length as shown in Fig. 3 . Almost all larvae failed to molt successfully with a relative chela length over 50% and the frequency of serious abnormal molting linearly increased depending on the relative chela length.
DISCUSSION
The cause of mass mortality in the larval rearing of mud crabs of the genus Scylla has not been well documented except for fungal diseases in the zoeal stage. 12, 13 In this study we described abnormal molting during the metamorphosis to megalops that leads to the mass mortality of larvae in the seed production of S. serrata ( Fig. 2; Tables 2,4 ). The survival rates from the fifth zoeal to the megalopal stage in trials 6 and 7 were lower than the rates 1230 FISHERIES SCIENCE K Hamasaki et al. Table 4 for details of abnormal molting and Table 3 for relative chela length. R 2 value was calculated for type A.
supplementary effect of phytoplankton given with animal foods was found in the larval culture of several crustacean species (see review in McConaugha   8 ). Brick reported that the presence of Chlorella sp. in the culture medium of S. serrata zoeas had a beneficial effect on the production of megalops in terms of survival and suggested that the effectiveness of the algal supplementation was the release of oxygen and the removal of metabolites. 16 However, it has been shown for rotifers and Artemia that the level of EPA and DHA can be stabilized by adding algae that are rich in EPA and DHA to the culture water of some fish and octopus larvae. [17] [18] [19] [20] Nannochloropsis is known to be rich in EPA. 21 Yoshimatsu et al. also reported that the amount of Nannochloropsis that was added to the larval rearing water of redlip mullet Liza hematocheila affected the EPA level in rotifers remaining in the larval rearing water. 18 Moreover, the rotifers cultured on commercially produced freshwater Chlorella are known to be low in n-3HUFA including EPA. 22 Suprayudi et al. tested the essential fatty acid requirement of larval S. serrata and concluded that rotifers containing 0.8% n-3HUFA (dry basis) were the optimal live food source in terms of survival to the first crab stage. 23 Suprayudi et al. also reported a high rate of abnormal molting during the metamorphosis to megalops by the larvae fed rotifers containing the high EPA (2.4%, dry basis) but did not refer to the larval morphology. 23 Consequently, it may be inferred that the morphogenesis of larval S. serrata is accelerated by rotifers that are rich in EPA derived from the Nannochloropsis added to the larval rearing water in the seed production tanks (trials 1-5) at high concentrations.
In further study, we need to analyze the lipid content and fatty acid composition of rotifers and larvae to clarify the role of the phytoplankton that was added to the larval rearing water. In addition, we should carry out further studies on the relationships between nutrition, hormonal regulation and morphogenesis in larval S. serrata to explain the reason why the fifth stage zoeas that have strong megalopal features are not able to metamorphose successfully to the megalopal stage.
